Semiconductor nanowires (NWs) have recently gained increasing interest due to their great potential for photovoltaics. A novel material system based on GaNP NWs is considered to be highly suitable for applications in efficient multi-junction and intermediate band solar cells.
Introduction
Semiconductor nanowires (NWs) have recently emerged as a new class of materials with great potential as nano-building blocks for a wide variety of future applications ranging from sensors to optoelectronic and photonic devices. NWs are also considered as a very promising material system for the third-generation photovoltaic devices as nanowire architecture allows one to improve efficiency of harvesting solar energy while reducing fabrication costs as compared with bulk and thin-film photovoltaics. [1] [2] [3] [4] In this respect especially attractive are core/shell NWs as such radial design allows independent control of sizes, doping and compositions of core and shell layers, [5] [6] [7] which can improve the efficiency of charge collection and optical absorption in vertically-aligned NW arrays. [8] NW solar cells based on a radial junction have been reported for several III-V compound semiconductors. [9] [10] [11] [12] The efficiency of NW-based solar cells made of a single semiconductor is limited by a narrow spectral range determined by the bandgap. Fabrication of multi-junction NW heterostructures using semiconductors with different energy gaps allows one to overcome this limitation, but the complexity of the structure and the device fabrication process remains a major disadvantage of this type of photovoltaic devices. An alternative approach that can extend the spectral range of light absorption while maintaining a simple single-junction design utilizes optical transitions via the so-called intermediate band (IB) . [1315] The IB represents an energy band within the bandgap of a semiconductor that acts as an intermediate state for light absorption. This allows absorption of photons with energies lower than the bandgap energy to transfer electrons from the valence band (VB) to the conduction band (CB).
The efficiency of such an IB solar cell is not restricted by the Shockley-Queisser limit for a single-junction solar cell and is predicted to reach as high as 63%, i.e. similar to that of a triple-junction solar cell.
A novel material system attractive for applications in both multi-junction and IB solar cells is GaNP alloys. These alloys are obtained from parental gallium phosphide by incorporation of several percentages of nitrogen, which has profound effects on their lattice and energy structure. First of all, alloying of GaP with nitrogen reduces its lattice constant, thus minimizing (and event eliminating for some N compositions) lattice mismatch with Si. This is advantageous for lower cost photovoltaic devices since it allows epitaxial growth of GaNP on cheap Si substrates [16, 17] and removes lattice matching constrains for GaNP/Si multi-junction structures. Secondly, a strong interaction between the N-related localized states and the extended states of the GaP host results in splitting of the CB states into two well separated subbands: E + and E -. [18, 19] The lowest subband is narrow in energy and can act as IB. [14] Energy positions of these subbands can be easily tuned as desired by choosing a proper alloy composition as an addition of 1% of nitrogen causes a down-shift of E -(upshift of E + ) by about 0.1 eV. [18, 19] Though fabrication processes of high-quality bulk and two-dimensional GaNP-based structures are well established, successful growth of this alloy in the NW geometry was achieved only most recently. [20] The NW structures were concluded to have a high optical quality [21] confirming their potential for future optoelectronic and photovoltaic applications.
The efficiency of solar energy harvesting can be further enhanced by introducing an additional IB due to a deep defect/impurity state that improves consumption of photons with energies below the bandgap of a light absorber. [22] [23] [24] [25] Such defect-mediated energy upconversion was utilized in a variety of solar cell structures including dye-sensitized solar cells [23, 24] and ZnO-based UV photovoltaic cells, [25] but was not explored so far in III-V based nanowires. In this work we show that energy upconversion exists in GaNP-based NWs and is promoted by nitrogen incorporation. We also demonstrate that this process extends the absorption range by about 0.7 eV and identify the dominant mechanism responsible for this effect. Figure 1 shows scanning electron microscopy (SEM) images of the studied NW arrays grown on Si substrates. In order to investigate impact of growth conditions and structural design on the energy upconversion, the following three types of structures were studied: (i) Ga(N)P NWs; (ii) GaP/GaNP and Ga 1-x N x P/Ga 1-y N y P core/shell (x<y) structures; and (iii) GaP/Ga 1-
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x N x P/Ga 1-y N y P core/shell/shell NWs (x>y) with the outer passivating shell. As obvious from GaP and GaP/GaNP NWs. In the case of the GaP NW, the PL spectrum contains a series of sharp lines within the 540-590 nm spectral range that can be attributed to recombination of excitons bound to residual impurities and/or defect centers. [26] The near-band-edge emission of the GaNP-based NWs, on the other hand, is dominated by a broad asymmetric PL band that originates from radiative recombination of excitons trapped at various N-related localized states in the GaNP alloy. [21, 27] The observed gradual redshift of this PL emission with increasing N content reflects the giant bowing in the bandgap energy of GaNP [18] . This is accompanied by an overall PL increase with increasing N, due to an increasing number of emitting centers and a change in the bandgap character from an indirect one in GaP to a quasidirect bandgap in GaNP alloys with [N] > 0.4%. [18, 27] In the case of GaP/Ga 1-x N x P/Ga 1-y N y P structures, the PL transitions occur in the inner Ga 1-x N x P shell that has the smallest bandgap energy, due to fast trapping of photoexcited carriers from the adjacent GaP core and the outer Ga 1-y N y P shell with wider bandgaps. Very similar PL spectra were also detected from the NW arrays, indicating high optical quality and uniformity of the investigated structures.
Most remarkably, the same near-band-edge PL emission of GaNP can also be detected GaNP but could not be detected from the GaP NWs, judging from a lack of the upconverted PL in these structures despite of a reasonably high PL intensity under the above bandgap excitation.
In order to gain detailed information on the mechanism responsible for the observed energy upconversion, we first analyze its dependences on a photo-excitation power (W exc ).
The UPL intensity (I upl ) is found to be proportional to W exc n , where the power factor n is close to 1.3 and does not depend on N composition of the GaNP shell. This is illustrated in Figure   3a , taking as an example results obtained from an array of GaP/GaN 0.009 P 0.991 NWs under below bandgap excitation with wavelengths λ exc = 820, 870 and 950 nm. On the other hand, linear dependence between PL intensity and W exc , which is typical for excitonic transitions, was observed when the excitation photon energy was tuned above the bandgap of GaNP, e.g.
for λ exc = 532 nm.
Common mechanisms for energy upconversion in semiconductor materials that lead to generation of non-equilibrium carriers under below-bandgap excitation include two-photon absorption (TPA) and two-step two-photon absorption (TS-TPA). [28] [29] [30] [31] principle be related to either the VB→ DL or DL→ CB absorption transitions. Increasing N content in the GaNP alloy is not expected to affect the VB position (at least within the studied range of nitrogen compositions) but is known to cause a strong downshift of the CB edge. [32] For the GaNP NWs shown in Figure 3b , the change in N content from 0.9 to 2.2% should result in a CB downshift of around 0.12 eV. [18, 19] Since energy positions of deep levels in semiconductors are usually pinned to the vacuum level, [33] a CB downshift should lead to a comparable change of the threshold energy for the DL→ CB transition. In sharp contrast, only a marginal change is expected for the VB→DL absorption. Our experimental finding that the threshold energy does not depend on the N composition in the alloy as shown in Figure 3b implies that it is related to the absorption process VB→ DL. The observed dependence of the UPL efficiency on the excitation energy reflects spectral dependence of the optical crosssection of this transition. By analyzing this spectral dependence using the formalism developed in Ref. 34 , the energy level of the deep state acting as a stepping stone for TS-TPA can then be estimated as being at around 1.28 ± 0.2 eV above the VB edge.
Let us now briefly discuss the origin of the involved defect. The lack of energy upconversion in the GaP NWs unambiguously proves that the defect formation is favored in the GaNP alloy. So far, defect properties of this material in the NW morphology are largely unknown. The only identified defect is a complex involving a P Ga antisite or a P i interstitial atom that was shown to act as an important non-radiative recombination center in GaP/GaNP core/shell nanowires, based on optically detected magnetic resonance (ODMR) studies. [21] The same defect, labeled as DD1, was previously observed in GaNP epilayers at the interface with a GaP substrate. [35] We have shown that in GaNP-based NWs, the DD1 defect is preferably formed either at the GaNP/GaP interface or at the surface of the GaNP shell. [35] The upconversion efficiency, however, seems to be unaffected by the presence of the GaNP/GaP interface or conditions at the GaNP surface as it remains rather similar in all GaNP-based NWs including: (i) GaNP NWs (i.e. without the GaNP/GaP interface but with unprotected GaNP surface); (ii) GaP/GaNP core/shell structures (i.e. with the GaNP/GaP interface and unprotected GaNP surface) and (iii) GaP/Ga 1-x N x P/Ga 1-y N y P core/shell/shell NWs with the optically-active inner Ga 1-x N x P shell (i.e. with the GaP/GaNP interface and protected surface). This makes unlikely involvement of the surface-and interface-related defects in the energy upconversion and suggests the defect formation most likely occurs in bulk regions of GaNP NWs. The formation process is also found to be insensitive to the GaNP growth mode, as the upconversion efficiency is found to be very similar in the GaNP
NWs grown via the vapor-liquid-solid (VLS) mechanism and in the GaP/GaNP core/ shell structures where growth of the shell layer was step-mediated. It is also of the same order as that measured from the reference GaNP epilayers grown on GaP substrates. Common grownin defects in bulk GaNP epilayers and two-dimensional quantum well structures include deep N-related centers, e.g. N-related clusters and N-N split interstitials, [27, [37] [38] [39] and complex defects containing a Ga interstitial (Ga i ) atom at their core. [40] [41] [42] All of them introduce deep states in the GaNP bandgap and can, therefore, be potentially important for the energy upconversion. Further studies are required to clarify this important issue.
The remaining question is the origin of photons participating in TS-TPA. The first photon participating in this process is provided by an excitation source, i.e. a laser in our experiments.
The second photon, on the other hand, may be supplied either by the laser light or by other radiative recombination channels via photon recycling. [30, [43] [44] [45] In the latter case, a slow rising of the UPL signal which persists after the end of the laser pulse due to a slow feeding via photon recycling is usually observed. In order to evaluate importance of photon recycling in the studied structures, we have performed time-resolved PL measurements under above and below bandgap excitation. Representative transients of the near-band-edge PL emission measured under such conditions from the GaP/GaNP core/shell NWs are shown in Figure 3c .
The PL decays are relatively slow (τ > 10 ns) and are likely determined by the radiative lifetime of excitons trapped at the N-related localized states as the determined lifetime is of the same order as that previously determined in the GaNP alloys. [27, 46] Most importantly, the PL rising time remains the same under one-and two-photon excitation, which rules out significant contributions from the photon recycling in the upconversion process and implies that both photons participating in the TS-TPA are provided by the laser.
Conclusion
In 
Experimental Section
All NW structures studied in this work were grown by gas-source molecular beam epitaxy during the GaP growth but was increased to 2.5 with a nitrogen plasma ignited for the growth of GaNP. On average, an axial growth rate of GaP and GaNP NWs was of ~78 nm/minute ~150 nm/minute, respectively. [20] The same growth conditions were also used for the core layers in (ii) and (iii) structures. The GaNP shells were fabricated via the step-mediated growth performed at a lower T sub of 450-510 o C with a V/III incorporation ratio of 3.5 -4.5
and a radial growth rate of around 1.8 nm/min. Nitrogen composition in the shell layers was varied by changing the power of rf-plasma and a N flux and was estimated [20] from the roomtemperature photoluminescence data according to the band anticrossing model. [18] The details of the NW growth process can be found in Ref. 20 . Structural characterization of the NWs was performed by scanning electron microscopy (SEM). It was found that NWs are hexagonal in shape, indicating that they were epitaxially grown following the Si [111] crystal orientation.
They are rather uniform in sizes and have an axial length of about 2 -2.5 µm. In order to perform optical characterization of individual NWs, some wires were mechanically transferred onto another Si substrate. Representative SEM images of such individual GaP and GaP/GaNP NWs are shown in Figures 2a and 2b , respectively.
Micro-photoluminescence (µ−PL) spectroscopy of individual NWs was carried out using a Horiba Jobin Yvon HR800 spectrometer with a CCD detector. The PL spectra from an ensemble of NWs were detected by a photomultiplier tube after being dispersed by a doublegrating monochromator. Continuous wave (cw) PL was excited by using the 445 nm line of a diode laser or the 532 nm line of a solid-state laser for excitation above the bandgap of GaNP and a tunable Ti:sapphire solid state laser for excitation below the bandgap. The latter was also employed as an excitation source in the excitation measurements of the anti-stokes (or upconverted) PL. In order to avoid contributions of the laser leakage in the measured PL spectra, a long-pass (short-pass) optical filter was inserted in the excitation (detection) path.
Time-resolved PL measurements were performed using a pulsed Ti:sapphire laser with a pulse duration of 2 ps and a repetition rate of 76 MHz. Transient PL signals were detected by a streak camera combined with a grating monochromator. All optical measurements were performed at 5K. 
